Diastereomers of the pentacoordinate chiral phosphorus compounds in solution: absolute configurations and predominant conformations by Yang, Guochun( Univ Alberta, Dept Chem) et al.
PAPER www.rsc.org/dalton | Dalton Transactions
Diastereomers of the pentacoordinate chiral phosphorus compounds in
solution: absolute configurations and predominant conformations†
Guochun Yang,a Yunjie Xu,*a Jianbo Hou,b Hui Zhangb and Yufen Zhao*b
Received 28th January 2010, Accepted 11th May 2010
First published as an Advance Article on the web 23rd June 2010
DOI: 10.1039/c001872d
The absolute structural information about four sets of diastereomers of pentacoordinate
spirophosphoranes, derived separately from L (or D)-phenylglycine and L (or D)-phenylalanine, has been
obtained by using vibrational circular dichroism (VCD) spectroscopic measurements and density
functional theory (DFT) for the first time. Each compound contains a stereogenic centre at the
phosphorus center and two at the amino acid ligands. Geometric searches at the B3LYP/6-311++G**
level have been performed for all possible low energy conformers whose vibrational absorption (VA)
and VCD spectra have also been simulated. The good agreement between the experimental VA and
VCD spectra in the dimethyl sulfoxide (DMSO) solution and the simulated ones allows us to assign the
absolute configurations and predominant conformations of these pentacoordinate phosphorus
compounds with high confidence. Solvent effects have been examined by using both the experimental
measurements and theoretical calculations. The implicit continuous polarization model and the explicit
solute–solvent intermolecular hydrogen-bonding model have been considered to understand the effects
of DMSO on the spectra observed. The influence of basis sets and different functionals on the VA and
VCD spectra of this type of coordination compounds has also been investigated.
Introduction
Chiral phosphorus compounds, especially phosphines, are exten-
sively used in asymmetric and stereoselective synthesis.1 Synthe-
sis and characterization of hypervalent phosphorus compounds
(phosphoranes) are of significant current interest and have been
widely investigated.2 In particular, pentacoordinated phosphorus
compounds have been proposed as potential intermediates or tran-
sition states in nonenzymatic and enzymatic phosphoryl transfer
reactions3 and in the formation or hydrolysis of biologically rele-
vant phosphorus compounds such as DNA, RNA, and c-AMP.4
Since both steric and electronic effects undoubtedly influence the
pathways of phosphoryl transfer,5 many model pentacoordinate
phosphoranes have been investigated to explore the intrinsic
character of these processes.6 Pentacoordinate phosphoranes with
an asymmetric phosphorus atom and with amino acid residues
as chiral chelate ligands are especially interesting, since they have
been considered as important intermediates in the self-assembly
reactions of N-phosphoamine acids into peptide.7,8 So far, only
a very limited number of X-ray single crystal investigations of
the absolute configurations of this type phosphoranes have been
reported,9 because obtaining good single crystals is often time
consuming and sometimes impossible.7d This, coupled with the
fact that most chemical reactions and biological processes occur in
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solution, makes it highly desirable to find an alternative, reliable,
and easy way to determine the absolute configurations of these
hypervalent chiral phosphorus compounds directly in solution.
Vibrational circular dichroism (VCD) spectroscopy, combined
with the state-of-the-art density functional theory (DFT) simu-
lations, has emerged in recent years as such a powerful tool for
assignment of absolute configurations and dominant conforma-
tions of chiral organic compounds10 and biomolecules.11 In this
article, we report the assignment of the absolute configurations and
dominant conformations of four sets of diastereomers of chiral
pentacoordinate spirophosphoranes (Chart 1) by using VCD
spectroscopy, in conjunction with DFT calculations. Since only
one structural determination by VCD spectroscopy was previously
reported for pentacoordinate phosphorus compounds,12 we have
also investigated experimentally and theoretically the influence of
solvents and the effects of basis sets and different functionals on
the VA and VCD spectra for this type of coordination compounds.
Chart 1 Four pairs of diastereomers investigated in this paper.































































Some intuitive comments on the experimental spectra
The pentacoordinate phosphorus compounds investigated in this
report were synthesized using the method outlined in Chart 1
and had been described in details in Ref. 13 These diastere-
omers were derived from L (or D)-phenylglycine and L (or D)-
phenylalanine with the route shown in Chart 1. The separation of
the diastereoisomers a and b was performed using reverse phase
high-performance liquid chromatography with TC-C18 column.
Based on the solubility testing, the retention time, the 31P NMR
data, and the CD spectra, the 3a/4a, 3b/4b, 5a/6a, and 5b/6b are
confirmed to be a pair of enantiomers in each case.13
The diastereomeric compounds of interest here have very limited
solubility in most common solvents except dimethyl sulfoxide
(DMSO), whereas 5a/6a can also dissolve in CDCl3 marginally.
The experimental VA and VCD spectra for 3a, 3b, 5a and 5b
in DMSO are given in Fig. 1. The corresponding enantiomers
4a, 4b, 6a and 6b have the same VA spectra, while their VCD
spectra are of opposite signs. They are therefore not shown here
for simplicity. From Fig. 1, one can see that the VA spectra of
a and b diastereomers in each case are more or less identical. It
is therefore not possible to tell these diasteomers apart using VA
spectroscopy alone. The corresponding VCD spectra, on the other
hand, show substantial differences in the frequency region below
1500 cm-1, suggesting the possibility to use VCD spectroscopy to
differentiate the two different diastereomers. It is also interesting to
note that replacing the chiral amino acid ligand phenylglycine with
phenylalanine introduces only minor changes in the VA spectra,
Fig. 1 The experimental VA and VCD spectra ( ) of the compounds 3a,
3b, 5a and 5b in DMSO solution and the corresponding spectra (---) of
compound 5a in CDCl3.
while the changes in the corresponding VCD spectra observed are
much more noticeable.
Since solvents can sometimes have dramatic and unexpected
effects on the VA and VCD spectra measured in solutions,14 we
have also obtained the VA and VCD spectra for 5a in CDCl3.
The corresponding VA and VCD spectra are also presented in
Fig. 1. The comparison between the VA and VCD spectra taken
in DMSO and in CDCl3 indicates there are no dramatic changes.
However, some new VA signatures appear in the 1350–1550 cm-1
region in DMSO, while the related changes are also noticed for
the VCD spectra, for example, the negative peak at ~1500 cm-1 in
CDCl3 shifting to 1450 cm-1 in DMSO.
In the following, we describe the DFT theoretical modelling
performed to interpret the experimental data and to obtain
information about the absolute configurations and dominant
conformations of these pentacoordinate phosphorus compounds
in solution. DMSO can act as a H-bond acceptor for the
H atoms of the amine group of the amino acid ligands of
these phosphorus compounds to form intermolecular H-bonds.
We therefore have also looked into the effects of explicit H-
bonding between solute and solvent, using 3a as an example,
on the observed spectra, and in addition, the implicit effects of
solvents using implicit polarization continuum model (IPCM).
For simplicity, only treatments of 3 and 5 are described since 4
and 6 are just enantiomers of 3 and 5, respectively.
Simulated VA and VCD spectra of 3
The pentacoordinate phosphorous compounds, in principle, can
take on trigonal bipyramidal (TBP) and square/rectangular pyra-
midal (SP) geometry. In addition, different ligand binding sites on
the apical axis will lead to different apical axis stereoisomers. For
example, compound 3 can have an O—P—O, N—P—O, N—P—
N, O—P—H, or N—P—H apical axis. Previous studies showed
that the slightly distorted TBP geometry is favoured,15 and the
O—P—O conformation is significantly more stable than the other
three conformations.12 For example, the related pentacoordinate
spirophosphoranes derived separately from L (or D)-valine and -
leucine take on TBP O—P—O geometries at the potential minima
while a transition state identified has the SP type geometry.12
Because the large energy gap between the O—P—O apical axis
conformers and the other three types of conformers and the
similarity in the current samples and those in Ref. 12, we have
concentrated our geometry searches on the possible TBP O—P—
O stereoisomers.
Compound 3 has one stereogenic center at the phosphorus atom
and two others at the amino acid ligands. This leads to four pairs
of enantiomers: KpSS and DpRR, KpSR and DpRS, KpRS and
DpSR, and KpRR and DpSS where the two isomers in each pair are
mirror images to each other. For this reason, we considered only
KpSS, KpSR, KpRS and DpSS types in the structural searches.
Because the two bidentate amino acid ligands are identical in
3, KpSR and KpRS are identical. Since the enantiomeric pure
amino acid ligands were used in the synthesis, only the RR or
SS configurations are expected for the ligands. We still include
the simulations of the possible SR/RS stereoisomers in order
to visualize how the chirality of the different stereogenic centers
influences the appearance of the resulting VCD spectra.






























































Table 1 The relative Gibbs free energies DG (kcal mol-1) and relative total
energies DE (kcal mol-1) of the isomers of 3 and the conformers of the 1 : 2
3 KpSS-DMSO complex at the B3LYP/6-311++G** level of theory
Monomer DG DE Complex DE Bf(DE) DG Bf(DG)
3 KpSS 0.16 0.37 2DMSOI 0 78.76 0 86.20
3 KpSR 0.32 0.05 2DMSOII 0.81 19.99 1.11 13.32
3 DpSS 0.0 0.0 2DMSOIII 2.45 1.25 3.07 0.48
The optimized geometries for the three stereoisomers are
given in Fig. 1. The subsequent harmonic frequency calculations
confirmed their minimum nature. Their calculated relative total
energies DE, relative Gibbs free energies DG, and the normalized
Boltzmann factors Bf at 298.15 K based on the relative Gibbs free
energy and total energy, are listed in Table 1. The calculated VA
and VCD spectra of these three isomers are presented in Fig. 2. The
main VA signatures appear to be quite similar for all three, whereas
their corresponding VCD spectra show substantial differences.
For example, the signs of the VCD peaks of 3 KpSS and 3 DpSS
in the 1000–1500 cm-1 region are opposite each other, while their
C=O stretching signatures are both negative. For KpSS and KpSR,
their VCD spectra closely resemble each other below 1500 cm-1,
whereas the C=O peak is a weak bisignated feature for KpSR
and negative for KpSS. This indicates that the chirality of the
phosphorous center has a controlling effect on the VCD features
between 1000–1500 cm-1, while the chirality of the ligands mainly
determines the C=O stretching VCD feature. In the electronic
CD spectra reported previously,13 the observed CD signatures are
determined only by the chirality of the phosphorous center and
are independent of that of the ligands. This can be understood
since the phenylglycine side chains are not chromogenic. So the
VCD spectra have the advantage of providing not only information
about the chirality of the P center but also about that of the side
chains of the complex.
Fig. 2 The calculated VA and VCD spectra of three isomers of
3 and the three conformers of 1 : 2 3 KpSS-DMSO complex at the
B3LYP/6-11++G** level of theory, respectively.
In general, solvents can have profound effects on the VA and
VCD spectra measured, especially a highly polar solvent.14 First,
there may be strong explicit H-bonding interactions between
the solvent and solute molecules. For example, DMSO can act
as a H-bond acceptor to the H-atoms of the amide groups
at the phenylglycine ligands of 3.16 Second, a solvent provides
a dielectric environment to the solute molecules. The first can
be modelled by the H-bonded complexes between solvent and
solute molecules, while the latter can be treated as a continuum
dielectric environment and modelled using, for example, the
implicit polarizable continuum model (IPCM) implemented in
Gaussian03.
To consider the effects of explicit H-bonding interactions, we
have taken isomer 3 KpSS as an example. To search for the possible
conformers, we first examine the binding between one DMSO and
one 3 KpSS molecule. Two conformers, 1DMSOI and 1DMSOII,
were identified (see Table SI, ESI†). 1DMSOI is substantially
more stable since it utilizes both methyl groups DMSO to form
two secondary intermolecular H-bonds, while 1DMSOII has
just one secondary H-bond. Since 3 KpSS contains two NH
functional groups, it can form two intermolecular H-bonds with
two DMSO molecules as H-acceptors simultaneously.16 Based on
the above discussion, there are three possible ways in which 3 KpSS
binds with two DMSOs. Indeed, three H-bonded conformers, i.e.
2DMSOI, II, and III, were identified and their minimum nature
was confirmed with the harmonic calculations. Their geometries
are given in Fig. 3 and their VA and VCD spectra are shown in
Fig. 2. There are a few noticeable changes going from 3 KpSS to the
1 : 2 3 KpSS-DMSO complexes. For example, the VCD signatures
of the C=O stretching band change from negative to positive in
the process. This is because some VCD features, such as the C=O
signature, are sensitive to perturbations such as H-bonding17 and
similar behavior of the C=O stretching mode had been reported
previously.17c Both VA and VCD features in the below 1500 cm-1
region experience changes in their relative intensity and/or small
frequency shifts.
Fig. 3 Optimized geometries of the 3 KpSS, KpSR, DpSS isomers
and the conformers of the 1 : 2 3 KpSS-DMSO complex at the
B3LYP/6-311++G** level of theory.
For completion, the DMSO solvent was also treated as a
continuum dielectric environment with a dielectric constant of
46.7. The geometry optimizations and the frequency calculations
of 3 KpSS were repeated using IPCM with B3LYP/6-311++G**.
The spectra obtained with and without the IPCM consideration
for 3 KpSS are compared in Figure S3, ESI.† The simulated
spectra with IPCM are very similar to the corresponding gas phase
calculations except some small frequency shifts in bands. In the
following comparison to the experimental data, we focus only on
3 and its explicit H-bonded complexes with DMSO.
Comparing the experimental and the simulated VA spectra, it
is clear that a small portion of 3 forms the H-bonded complexes
in DMSO. To simulate the experimental VA and VCD spectra in
DMSO solution for 3 KpSS, we used both 3 KpSS and the pop-
ulation weighted 2DMSO conformers. We used the experimental






























































intensities of characteristic VA and VCD bands corrected by the
calculated oscillator strength to assess the relative abundance
of different species in solution. From that, an empirical weight
of 8 : 1 for 3 KpSS to the 2DMSO conformers was estimated.
These are summarized in Fig. 4. As one can see that all major
experimental VA bands across the spectra can be correlated band-
for-band to the calculated ones, and in the case of VCD also
sign-for-sign. This allows us to assign the absolute configuration
of 3a to KpSS with very high certainty. To assign it to the
other enantiomer would lead to a clear mismatch of the signs
of all major experimental and calculated VCD bands. Although
the consideration of the H-bonded complexes with DMSO does
explain the VA features observed in the 1350–1450 cm-1, the
overall main features in the VCD spectrum are already well
captured by the gas phase simulation of 3 KpSS. Indeed, when
one compares the experimental VCD spectrum of 3a with the
simulated one of 3 KpSS, one can already confidently assign the
absolute configuration without consideration of the H-bonded
complexes with DMSO. Therefore, in the latter discussions, only
the simulations of the solute molecules themselves are considered
for simplicity.
Fig. 4 (i) Comparison of the experimental ( ) VA (left) and VCD (right)
spectra of 3a with the corresponding simulated spectra (---) of 3 KpSS and
of an empirically weighted mixture of 3 KpSS and the 1 : 2 3 KpSS -DMSO
complex (see text for details). (ii) Comparison of the experimental ( )
VA (left) and VCD (right) spectra of 3b with the corresponding simulated
spectra (---) of 3 DpSS.
Since this is one of the first reports on the absolute configuration
assignment of the pentacoordinate phosphorus compounds by
VCD spectroscopy, we wish to study the effects of different
functionals and basis sets on the VA and VCD spectra. The
calculated VA and VCD spectra of 3 KpSS using the DFT/B3LYP
functional and seven different basis sets, i.e. 6-31G*, 6-311G, 6-
311++G, 6-311G**, 6-311++G**, cc-pVDZ, and cc-pVTZ, are
showed in Figure S4, ESI,† along with the experimental VA and
VCD spectra. The result shows that larger basis sets with both
polarization and diffuse functions such as 6-311++G**, cc-pVDZ,
cc-pVTZ are necessary to capture the important experimental
VCD features. Currently, density functionals are classified into
four categories: (i) the generalized gradient approximation (GGA),
(ii) meta GGA (MGGA), (iii) hybrid GGA (HGGA), and (iv)
hybrid meta GGA (MHGGA). Most of GGA and HGGA
functionals have been implemented in the Gaussian03 program
packages for the calculation of the VA and VCD spectra. Very
few MGGA and HMGGA functionals, on the other hand, have
been implemented. The calculated VA and VCD spectra of 3 KpSS
using a number of functionals in these four categories with the 6-
311++G** basis sets are summarized in Figures S5, S6, and S7,
ESI,† together with the experimental data. In general, it appears
that different functionals used introduce only minor differences
in the simulated VA and VCD spectra, and the effect of different
functionals seems much smaller than different basis sets.
Pentacoordinate phosphorus compounds 5
The analyses of 5 followed the same procedure as for 3 since these
two compounds are similar except that the amino acid ligands
change from phenylglycidine to phenylalanine. The phenylalanine
ligand can exist in a large number of different conformations, of
which conformational search was reported before.18 Its confor-
mational freedom can be classified into two categories: the first
one is related to the amino acid fragment, and the second one
is related to the rotation of the aliphatic side chain –CH2Ph.
In compound 5, the amino acid fragment is locked into one
particular conformation because of the coordination bonding to
the P center. Since 5 contains two phenylalanines, the rotation of
the phenylalanine side chain can generate nine conformers. But,
three of them are redundant because the two bidentate ligands
are the same and both bind to P with the O-atoms at the axial
positions. Indeed, all six proposed conformational geometries
were confirmed to be minima in the geometry optimization and
the subsequent harmonic frequency calculations. The six lowest
conformers of 5 KpSS and six of 5 DpSS are shown in Fig. 5. Their
calculated relative total energies DE, relative Gibbs free energies
DG, and the normalized Boltzmann factors Bf at 298.15 K based
on the relative Gibbs free energy and total energy, are listed in
Table 2. The calculated VA and VCD spectra of these conformers
are presented in Fig. 6. The main signatures of the VA spectra
appear to be quite similar for all six conformers of 5 KpSS.
This is not surprising since the VA frequencies and intensities are
rarely altered drastically by such subtle changes in the side chain
conformations. The VCD features, such as those in the 1100–
1300 cm-1 region, however, exhibit prominent changes. This is
because VCD signatures are quite sensitive to variations in the
structural dihedral angles.19 Similar observations can be said in
the case of 5 DpSS.
Finally, the population weighted VA and VCD spectra of
the 5 KpSS and the 5 DpSS types obtained from the gas phase
calculations are compared to the experimental spectra obtained
for 5a and 5b in Fig. 7. The experimental VA and VCD spectra






























































Fig. 5 Optimized geometries of the six lowest energy conformers of 5
KpSS and six of 5 DpSS at the B3LYP/6-311++G** level of theory.
Table 2 The relative Gibbs free energies DG (kcal mol-1), relative total
energies DE (kcal mol-1), and the normalized Boltzmann factors Bf (in%)
at 298.15 K based on the relative Gibbs free energy and the relative total
energy of the isomers of 5 at the B3LYP/6-311++G** level of theory
Monomer DG Bf(DG) DE Bf(DE)
5i KpSSa 0.0 84.74 0.0 79.92
5ii 1.44 7.41 2.75 0.77
5iii 1.45 7.38 0.85 19.09
5iv 3.14 0.42 3.52 0.21
5v 4.52 0.04 5.61 ~0.0
5vi 5.61 ~0.0 5.45 0.01
5i DpSS 0.0 57.87 0.0 75.29
5ii 0.24 38.40 0.78 20.13
5iii 2.01 1.94 1.77 3.78
5iv 2.16 1.56 2.83 0.63
5v 3.28 0.23 3.65 0.16
5vi 4.38 0.04 5.61 0.01
a 5i DpSS is 0.40 kcal mol-1 higher than 5i KpSS.
(Fig. 7) are in good agreement with the calculated ones
with 5a and 5b being assigned to KpSS and DpSS, respectively.
Our assignment is consistent with the X-ray crystal structure
obtained for 5b and 6b.13
Conclusion
Four pairs of synthetic pentacoordinate chiral phosphorus di-
astereomers have been studied by using VCD spectroscopic mea-
surements and DFT calculations. The dominating conformations
and the absolute configurations of these compounds in solution
have been determined based on the good agreements between the
experimental and simulated spectra. The dominant experimental
VCD features in the 1100~1500 cm-1 region have been found to be
controlled by the chirality at the phosphorus center while those
at the C=O stretching region to be determined by the chirality
of the amino acid ligands. The effects of DMSO solvent have
been evaluated by using IPCM and by considering the explicit
H-bonding complexes between the chiral sample and DMSO. The
latter is essential in providing satisfactory explain for the extra
VA features observed in DMSO. Overall, the solvent interference
is minor under our experimental conditions for the absolute
configuration assignment. This work is another example, showing
that VCD spectroscopy complementary with DFT calculations is a
powerful tool for assigning the absolute configurations of synthetic
phosphorus coordination complexes in solution. The study of the
explicit H-bonded interactions discussed in this paper suggests
that such a combination can be a very useful tool to probe the
important intermolecular interactions between chiral phosphorus
compounds and other desirable binding partners in solution.
Experimental and computational details
The samples of our studied compounds have been obtained from
Xiamen University, whose synthetic routes had been described
previously.13 The VA and VCD spectra have been recorded with a
Fourier transform IR spectrometer Vertex 70 (Bruker) equipped
with a PMA 50 (Bruker) VCD optical bench. Samples were held in
a variable path length cell with BaF2 windows. A frequency filter
with a cutoff at ~1800 cm-1 was inserted into the beam path before
the sample cell. The spectral range of the measurements is from
1100 to 1800 cm-1 because DMSO absorbs strongly at ~1000 cm-1.
Each VCD spectrum was collected with 180 min (3 ¥ 60 min) and
with a resolution of 4 cm-1. To minimize potential artifacts, efforts
have been taken to keep the absorption coefficients of most of
the VA peaks in the measured frequency region between 0.2 and
0.8. An optimal experimental condition with a sample of ~0.15 M
in DMSO and a path length of 25 mm was determined. Each VA
spectrum reported was obtained by subtracting the corresponding
solvent spectrum under the same condition from the solution
spectrum, whereas the VCD spectrum was obtained by taking the
difference spectrum of the two enantiomeric compounds recorded
under identical condition and then dividing it by 2. This is the
best way to remove baseline artifacts due to strain and other
imperfections of the optical components employed.20 The VA and
VCD spectra of sample 5a have also been measured in CDCl3 with
a concentration of ~0.09 M and a path length of 450 mm.
The geometry optimizations, vibrational frequencies, and vibra-
tional circular dichroism intensities for the possible conformers






























































Fig. 6 The calculated VA and VCD spectra of the six 5 KpSS and six 5 DpSS conformers at the B3LYP/6-311++G** level of theory.
Fig. 7 Comparison of the experimental ( ) VA (left) and VCD (right)
spectra of 5a and 5b with the corresponding simulated spectra (---) of 5
KpSS and of 5 KpSS, respectively. * is due to the effects of DMSO (see
related discussions in the case of 3 KpSS.).
have been performed using the Gaussian03 program package.21
All results presented have been performed with the B3LYP22,23
hybrid functional and the 6-311++G** basis set on all atoms.24–26
Several different basis sets and DFT functionals have been used
to systematically evaluate their performance in predicting the
VA and VCD spectra of the pentacoordinate chiral phosphorus
compounds. Lorentzian line shapes with a full width at half
maximum (FWHM) of 10 cm-1 have been used to simulate the
VA and VCD spectra. To evaluate the implicit solvent effects
due to DMSO, the integral equation formalism (IEF)27 version
of the IPCM28 as implemented in Gaussian03 has been utilized.
The DMSO solvent has been treated as a continuum dielectric
environment with a dielectric constant of 46.7.
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